The intriguing coexistence of the charge density wave (CDW) and superconductivity in SrPt2As2 and LaPt2Si2 has been investigated based on the ab initio density functional theory band structure and phonon calculations. We have found that the local split distortions Pt atoms in the [As-PtAs] layers play an essential role in driving the five-fold supercell CDW instability as well as the phonon softening instability in SrPt2As2. By contrast, the CDW and phonon softening instabilities in LaPt2Si2 occur without split distortions of Pt atoms, indicating that the driving mechanisms of the CDW in SrPt2As2 and LaPt2Si2 are different. We have found that the CDW instability for the former arises from the Fermi surface nesting, while, for the latter, from the saddle point scattering. The phonon calculations, however, suggest that the CDW and the superconductivity coexist in [X-Pt-X] layers (X = As or Si) for both cases.
Low-dimensional systems often suffer from intrinsic instabilities, revealing diverse interesting phase transitions upon cooling, such as charge density wave (CDW), spin density wave, superconductivity (SC), and so on. In general, those phases are detrimental to each other. Therefore the coexistence of those phases in a system has been a long-standing subject of importance in the physics of low-dimensional systems. [1] [2] [3] [4] [5] [6] The Pt-based layered superconductors, SrPt 2 As 2 and LaPt 2 Si 2 , of the present study belong to such quasi two-dimensional (2D) systems, which exhibit the coexistence of the CDW and the SC at low temperature (T ). [7, 8] In fact, the Pt-based layered systems draw recent attention because of their structural similarity to Fe-based AFe 2 As 2 (122) (A=Ba, Ca, Sr, or Eu) superconductors, which have been intensively studied these days. [9] [10] [11] [12] [13] [14] [15] [16] [17] SrPt 2 As 2 was reported recently to be a BCS-like superconductor having two s-wave superconducting gap feature as in MgB 2 .[18] SrPt 2 As 2 undergoes a CDW transition at T CDW 470K, which is accompanied by the superconducting transition at T c 5K. Below T c , the SC coexists with the CDW phase. [7, 19] At high T , SrPt 2 As 2 crystallizes in the tetragonal structure of CaBe 2 Ge 2 -type (P4/nmm), which is quite similar to ThCr 2 Si 2 -type structure of AFe 2 As 2 superconductors. [7] Differently from AFe 2 As 2 , however, Pt and As in SrPt 2 As 2 have reversed positions for every other layer, as shown in Fig. 1(a) . Namely, there are alternating [As2-Pt1-As2] and [Pt2-As1-Pt2] layers along the c-direction. The CDW modulation vector of SrPt 2 As 2 was reported experimentally to be q CDW =0.62 a * = (0.62, 0, 0), which yields the supercell structure with the modulation in the [As2-Pt1-As2] layers below T CDW (see Fig. 3 ). [1, 21] Even below T CDW , SrPt 2 As 2 has unique feature containing the split-off positions of Pt1 and As2, as shown in Fig. 1(b) .
There have been only a few band structure calculations for SrPt 2 As 2 . [3, 23] Nekrasov et al. [3] obtained the density of states (DOS) and Fermi surface (FS) of the high T phase of SrPt 2 As 2 having the tetragonal structure above T CDW . They found that 5d x 2 −y 2 state of Pt1 is dominant at the Fermi level (E F ) and the FSs are mostly 3D-like except one cylinder-like FS. Shein et al. [23] investigated the energetics of three types of 122 system: CaBe 2 Ge 2 -type and two hypothetical ThCr 2 Si 2 -type structures. They reported that CaBe 2 Ge 2 -type is more stable than ThCr 2 Si 2 -type polymorphs. However, none of these studies explored the electronic structures of the low T phase of SrPt 2 As 2 having the split-off positions of Pt and the CDW modulated structure.
Another Pt-based layered system LaPt 2 Si 2 has similar physical properties to SrPt 2 As 2 . At high T , LaPt 2 Si 2 crystallizes in the tetragonal structure of CaBe 2 Ge 2 -type, which is similar to Fig. 1(a) (Sr and As are replaced by La and Si). Upon cooling, it undergoes the CDW transition at 112 K with the CDW vector of q CDW = (n/3, 0, 0) (n=1 or 2). [8] Nagano et al. [8] suggested a CDW-induced supercell at low T , which corresponds to the tripling of the original unit cell. Below T ∼ 2 K, the SC emerges in coexistence with the CDW state. [8] It was also reported that LaPt 2 Si 2 is more stable in the CaBe 2 Ge 2 -type structure than in the ThCr 2 Si 2 -type structure. [24] The FSs of CaBe 2 Ge 2 -type structure are mostly 2D-like, while the FSs of ThCr 2 Si 2 -type structure are 3D-like. However, the unique feature of the split-off positions of Pt1 and As2 in SrPt 2 As 2 has not been observed in LaPt 2 Si 2 .
Despite existing studies on SrPt 2 As 2 and LaPt 2 Si 2 , there are important remaining issues. There has been no theoretical explanation on the mechanisms of the observed CDW instabilities in SrPt 2 As 2 and LaPt 2 Si 2 . Kudo et al. [7] once stated that the CDW transition of SrPt 2 As 2 seemed to originate from the FS nesting, but they did not specify which band is responsible for the FS nesting. Above all, it has not been clarified whether the CDW instabilities in SrPt 2 As 2 and LaPt 2 Si 2 have the same mechanisms or not. Also, there have been no phonon studies on SrPt 2 As 2 and LaPt 2 Si 2 , which can provide direct clue to the CDW structural transitions. On the basis of phonon studies, one can also investigate SC properties in these CDW systems.
In this letter, to address the above questions, we have investigated the CDW and SC properties of SrPt 2 As 2 and LaPt 2 Si 2 , using the first-principles density-functional theory (DFT) band structure and phonon calculations. In SrPt 2 As 2 , the split distortions of Pt1 in [As2-Pt1-As2] layers are found to play an essential role in driving the CDW instability. This feature in SrPt 2 As 2 is distinct from that in LaPt 2 Si 2 that does not need the split distortions to drive the CDW instability. The phonon studies revealed that the SC emerges mainly in the CDW layer for both SrPt 2 As 2 and LaPt 2 Si 2 .
For the total energy band structure calculations, the full-potential linearized augmented plane wave band method implemented in Wien2k package was employed. [25] The generalized-gradient approximation (GGA) was used for the the exchange correlation and the spin-orbit coupling (SOC) was included. For structural optimizations and phonon calculations, the pseudopotential band method implemented in VASP [26] and phonopy [27] were used, respectively. The supercell approach with finite displacements based on the HellmannFeynman theorem [28] was used to obtain the force constants. The pseudo-potential band method implemented in Quantum Espresso was also used to determine the electron-phonon (e-ph) coupling constant λ p and superconducting parameters. [29] To examine the mechanism of CDW instability in SrPt 2 As 2 , we focused on the role of split distortions of Pt, and so considered two structures. The first one is the orthorhombic structure in Fig. 1(a) without the split distortions of Pt1 and As2 (we call it "no-split-SPA" hereafter). The no-split-SPA structure is close to the tetragonal CaBe 2 Ge 2 -type structure above T CDW . The second one is another orthorhombic structure in Fig. 1(b) , which has the split-off positions of Pt1 and As2 (hereafter "split-SPA"). Split-SPA has the structure that is close to that of SrPt 2 As 2 below T CDW , but does not contain the modulation by q CDW =0.62a
* . The split-SPA structure is obtained by making the antiferro-like distortions of Pt1 and As2 and then performing the atomic relaxation. The initial structure data for SrPt 2 As 2 before the structural relaxation was adopted from Imre et al.. [1] The initial lattice constant and atomic positions of LaPt 2 Si 2 were adopted from Shelton et al., [2] and Nekrasov et al., [3] respectively. The relaxed structural parameters of SrPt 2 As 2 and LaPt 2 Si 2 are summarized in the supplement.
[31]
First, we checked the energetics of SrPt 2 As 2 with respect to the split distortion. The total energy variation from no-split-SPA to split-SPA is shown in Fig. 1 (c). The negative distortion means the opposite split directions of Pt1 and As2. We obtained the double-well shaped energy profile, which indicates that the split distortions of
Pt1 dx 2 -y 2 Pt1 dxy Energy (eV) Pt1 and As2 indeed lower the total energy. The energy difference between no-split-SPA and split-SPA is ∆E 50 meV/u.c.. Figure 2 shows band structures and FSs of no-split-SPA and split-SPA. As shown in Fig. 2(a) and (c), the main character of the dispersive bands around S is attributed to Pt1 band in both no-split-SPA and split-SPA. But the significant difference between the no-split-SPA and split-SPA is revealed in the FSs. Figure 2(b) and (e) for no-split-SPA show mainly the 3D-like FSs except one cylinder-like FS centered at S (red-colored FS in Fig.  2(b) ), as is consistent with existing calculations. [3, 23] Interestingly, the circular-cylindrical FS for no-split-SPA is changed into the ellipsoidal-cylindrical FS for split-SPA, as shown in Fig. 2(d) , and so the parallel portion of the FS is increased. Pt1-projected FSs of no-split-SPA and split-SPA are presented in Fig. 2(e) and (f) , respectively. For no-split-SPA, the FS has almost 4-fold rotational symmetry, and the Pt1 projection is distributed rather uniformly over the cylindrical FS. On the other hand, for split-SPA, the 4-fold rotational symmetry is completely broken because of the ellipsoidal-cylindrical FSs at S. It is amusing to find in Fig. 2(d) that the nesting vector connecting the flat parts of ellipsoidal FSs is in good agreement with the experimental CDW modulation vector of q CDW = (0.62, 0, 0) suggested by Imre et al.. [1] This result demonstrates that the split distortions of Pt1 and As2 in [As2-Pt1-As2] layer of split-SPA are essential to drive the CDW transition. Also notable in Fig. 2(f) is that the Pt1 character is dominant at longer parts of the ellipsoidal FSs, which clearly indicates that the Pt1 band is responsible for the CDW instability in split-SPA.
In order to check the structural instability more directly, we performed phonon dispersion calculations for both no-split-SPA and split-SPA. As shown in Fig. 3(a) and (b), the phonon softening instabilities occur in both cases, indicating the structural instabilities. This feature is consistent with experiment in that the ground state of SrPt 2 As 2 has the CDW modulated structure. [1] The softened phonon modes arise mainly from Pt1, as shown in the partial phonon DOSs, suggesting that the CDW transition occurs in the Pt1 layers. Inset of Fig. 3(a) shows the normal mode of softened phonon at Γ for nosplit-SPA, which induces the split distortions of Pt1 and As2. This phonon mode induces the structural transition from no-split-SPA to split-SPA, which is consistent with structural energetics in Fig. 1(c) . Figure 3(b) shows that the Γ point softening disappears for split-SPA, and the phonon softening instability becomes dominant near q CDW =(0.62, 0, 0). Indeed, the relaxed structure modulated by the softened phonon mode at q=(0.6, 0, 0) in Fig. 3(c) is very close to the experimentally suggested structure. [1] We will refer to this relaxed structure as 5X-SPA, as it is five-fold supercell structure due to q=(0.6, 0, 0). Figure 3 5X-SPA is still metallic, reflecting that the CDW nesting is imperfect. This is one reason why the CDW and the SC could coexist in SrPt 2 As 2 .
[1] The DOS at E F is lower for 5X-SPA than for split-SPA. Notable feature is that, even after the CDW transition, the contribution to the DOS at E F comes more from Pt1 band. The ratio of Pt1 and Pt2 DOSs at E F is ∼1.3. This suggests that the [As2-Pt1-As2] layer would be more susceptible to the emergence of the SC. We will discuss this point more below. For comparison, we performed the band structure and phonon calculations for tetragonal LaPt 2 Si 2 (t-LPS). Figure 4 (a) shows the band structure of t-LPS. The Pt1 band produces the electron pocket FSs around M, which possess the saddle points, colored in red, in Fig.  4(b) . The scattering vector connecting the saddle points is indeed close to the observed q CDW =(1/3, 0, 0). [8] In fact, the saddle point scattering produces a peak in the charge susceptibility, which induces the structural instability. [32, 33] The phonon dispersion of t-LPS in Fig. 4(c) contains the softened phonon mode, which is consistent with the CDW structural transition. The phonon softening occurs mainly from the Pt1, as in SrPt 2 As 2 . But, in contrast to the case in SrPt 2 As 2 , the phonon softening at Γ causing The difference between LaPt 2 Si 2 and SrPt 2 As 2 in the split distortions is expected to arise from the volume difference between SrPt 2 As 2 (100.08Å 3 /f.u.) and LaPt 2 Si 2 (89.62Å 3 /f.u.). We found that the split distortions in SrPt 2 As 2 disappear with decreasing the volume. In contrast, the split distortions appear in LaPt 2 Si 2 with increasing the volume. These features suggest that stability of split distortions is strongly dependent on the volume of the system. Detailed volume-dependent behaviors are provided in the supplement.
[31] We note another Pt-based superconductor, BaPt 2 Sb 2 , which also contains the split-off Pt positions in [Sb-Pt-Sb] layer. [34] The volume of BaPt 2 Sb 2 is 118.47Å 3 /f.u., which is larger than those of SrPt 2 As 2 and LaPt 2 Si 2 .
The phonon softening instability at q = (1/3, 0, 0) is consistent with the observed CDW vector q CDW = (1/3, 0, 0), which produces the three-fold supercell structure, as shown in Fig. 4(d) . We will refer to this structure as 3X-LPS. The modulations occur mainly in Pt1 layer of [Si2-Pt1-Si2], as in SrPt 2 As 2 . This result is contrary to the speculation of Nagano et al., [8] who claimed that [Pt2-Si1-Pt2] layer would be the CDW layer. Figure 4 (e) presents the DOSs of t-LPS and 3X-LPS. It is seen that 3X-LPS is still metallic even with the CDW distortion. The DOS at E F is lower for 3X-LPS than for t-LPS, which is consistent with the stabilized 3X-LPS and also with the paramagnetic susceptibility measurement. [8] The ratio of Pt1 and Pt2 DOS at E F for 3X-LPS is ∼1.4. The higher DOS at E F for Pt1 suggests that Pt1 layer is more susceptible to the SC transition.
To identify the main superconducting layer, we performed the calculation of e-ph coupling constant, λ p , for 3X-LPS.
[31] The largest λ q (ν) is obtained at q = Γ near ν =3.9 meV (see supplement).
[31] The normal mode at this frequency is mainly composed of displacements of Pt1 in [Si2-Pt1-Si2] layer, which suggests that the main contribution to the SC comes from Pt1 layers. Noteworthy is that the Pt1 layer is the CDW-modulated layer, which implies that the SC and the CDW coexist in the same layer. The arrangement of Pt in [Si2-Pt1-Si2] layer is more 2D-like than in [Pt2-Si1-Pt2] layer. It is thus expected that the 2D nature and the CDW modulation of [Si2-Pt1-Si2] layer facilitate the emergence of the SC more effectively. The situation in SrPt 2 As 2 is thought to be the same as in LaPt 2 Si 2 in view of the structural and electronic similarities below T CDW .
Finally, we have evaluated the superconducting parameters for 3X-LPS using the Eliashberg e-ph coupling theory and the Allen-Dynes formula for the critical temperature T c . [4, 5] The results for the Eliashberg function, α 2 F (ω), and the electron-phonon coupling constant, λ p (ω), of 3X-LPS are provided in the supplement.
[31] We have obtained T c =3.5 K for µ * = 0.13 (µ * : the effective Coulomb repulsion parameter), which is in good agreement with the observed T c of ∼ 2 K. [2, 8] In conclusion, we have found that the CDW mechanisms are quite different between SrPt 2 As 2 and LaPt 2 Si 2 . The CDW transition in SrPt 2 As 2 arises from the FS nesting in the presence of the split distortions of Pt1 atoms, while that in LaPt 2 Si 2 from the saddle points scattering in the absence of the split distortions. These features are corroborated by the phonon softening instabilities at the observed CDW modulation vector of q CDW . In both cases, however, Pt1 band plays an essential role in the CDW and superconducting transitions, implying that the CDW and the SC coexist in the Pt1 layers. a The values in parentheses are the initial lattice constants from the experiment. [2] b The values in parentheses are the initial atomic positions from idealized tetragonal SrPt 2 As 2 before the relaxation. [3] Table I and Table II provide lattice parameters of SrPt 2 As 2 , which were used in the calculations. The atomic positions are shifted by (0.5, 0, 0.5) from those of Imre et al.. [1] The lattice parameters of LaPt 2 Si 2 before and after the relaxation are provided in Table III .
VOLUME EFFECT ON THE SPLIT DISTORTIONS
We have investigated the volume effect on the split distortions of Pt1 and As2 (or Si2) atoms. We first determined the optimized atomic positions at each volume by performing the structural relaxation calculations. Figure 1 
Pt1 Si2 We have checked the spin-orbit coupling (SOC) effect on the total density of states (DOS) of LaPt 2 Si 2 after the CDW transition, which is denoted by 3X-LPS in the main text. The total DOSs obtained with the SOC and without the SOC do not have significant difference, as shown in Fig. 2 . Therefore, we carried out the electronphonon coupling constant calculation without the SOC.
ELIASHBERG FUNCTION, λp(ω), AND OTHER SUPERCONDUCTING PARAMETERS OF LAPT2SI2
We have evaluated the superconducting parameters for 3X-LPS after the charge density wave (CDW) transition, using the Eliashberg e-ph coupling theory and the AllenDynes formula for the critical temperature T c , [4, 5] T c = ω log 1.20 exp −1.04(1 + λ p ) λ p (1 − 0.62µ * ) − µ * ,
where ω log = exp 2 λp dω ω α 2 F (ω) log ω , α 2 F (ω) is the Eliashberg function, and µ * is the effective Coulomb repulsion parameter. Figure 3 shows the Eliashberg function, α 2 F (ω), and the electron-phonon coupling constant, λ p (ω), of 3X-LPS. The peak of α 2 F (ω) and abrupt change of λ p (ω) appear at around ∼3.9 meV. Indeed this phonon frequency yields the largest contribution to λ qν . As provided in Table IV , the estimated T c =3.5 K for µ * = 0.13, is quite consistent with the observed T c of ∼ 2 K. 
